The mean northward transport in the upper waters is 6.7 6 3.7 Sv and there is a 6.1 6 2.5 Sv southward flow below the thermocline. Although the magnitude of the Iceland Basin overturning circulation (4.3 6 1.9 Sv) is greater than in the Rockall Trough (3.0 6 3.7 Sv), the variability is greater in the Rockall Trough. We discuss the results in the context of our understanding of drivers of variability.
Introduction
The upper waters in the eastern subpolar North Atlantic (above the permanent thermocline at 500-1000 dbar) either enter the Arctic Ocean, or are incorporated into North Atlantic Deep Water and exported from the Labrador Sea as the lower limb of the Atlantic Meridional Overturning Circulation (AMOC). The supply of warm and salty water to the Arctic and deep water formation areas provides an important feedback between the oceans and atmosphere, and is therefore a key aspect of the climate system. There is evidence that the anomalies formed in the subpolar North Atlantic persist into the surface Nordic Seas, the subsurface Arctic, and the deep return layer of the AMOC [Glessmer et al., 2014; Polyakov et al., 2011; Eldevik et al., 2009] . Thus variations of thermohaline properties in the eastern subpolar gyre on climate time scales need to be quantified and understood.
supply of warm and salty water from the Atlantic to high latitudes in the deep-water formation regions, is of central importance to the future evolution of the AMOC.
The Rockall Trough, through UK marine research programs, has been observed for over seven decades. The first measurements were of surface temperature and salinity by Ocean Weather Ships, with a program of sustained observations from research ships from 1975 onward. More recently this has been supplemented by data from autonomous vehicles [Holliday and Cunningham, 2013] . Now known as the Extended Ellett Line (EEL, Figure 1 ), the section is located between Scotland and Iceland running close to the northern boundaries of the Rockall Trough, Hatton-Rockall Basin, and Iceland Basin. These measurements have provided an exceptionally rare record of high-quality temperature and salinity data on this full-depth openocean section.
In the area sampled by the EEL, there is approximately a three-layer circulation (Figure 1 ). Warm and salty upper water flows in a general north-eastward direction at depths shallower than the thermocline which is typically 500-1000 dbar [Pollard et al., 2004; . The main center of the cyclonic recirculation within the subpolar gyre is located southwest of the EEL position [Lavender et al., 2005] Trough (black) and European continental shelf (white), and from 1997 onward the Hatton-Rockall Basin (red) and the Iceland Basin (blue) stations were also sampled. Not all sections completed all stations, and station positions may vary slightly from cruise to cruise. The colored arrows indicate the main pathways of the major currents in the upper ocean (slope current and North Atlantic Current, NAC) and the deep ocean (IcelandScotland Overflow Water, ISOW, and Wyville-Thomson Overflow Water, WTOW) . The color range from orange to green in the upper ocean currents indicates an east-to-west and north-to-south decrease in salinity and temperature of the mode waters. Intermediate water (Labrador Sea Water) circulates cyclonically in the deep basins but is not shown here.
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Trough [e.g., Holliday et al., 2000; Lankhorst and Zenk, 2006] . Finally, Iceland-Scotland Overflow Water flows westward/south-westward along the Iceland-Faroes Ridge and Reykjanes Ridge in the Iceland Basin [Read, 2001; Saunders, 1996] ; while a relatively small amount of Wyville Thomson Ridge Overflow Water flows southward in the western Rockall Trough at densities >27.70 kg m 23 [Johnson et al., 2010] . Other water masses such as Subarctic Intermediate Water and Mediterranean Outflow Water influence the section but to a lesser extent.
Water mass properties and volume transport in the Rockall Trough have previously been described as having multiyear variability with changes of 60.04 in salinity in the upper ocean (0-1000 dbar) and 60.02 in the deep ocean (>1200 dbar) between 1975 and 1998 [Holliday et al., 2000] . Salinity and temperatures have increased significantly since the mid-1990s [Holliday et al., 2008; Hughes et al., 2012] . These latter changes in the eastern margin of the subpolar gyre have been attributed to a greater influence of subtropical water as the subpolar gyre circulation slowed and the subpolar front moved westward [Holliday, 2003; Hatun et al., 2004; Hakkinen and Rhines, 2004] . Recently a study of nutrient concentrations suggested that the eastern subpolar gyre reached the maximum potential influence of subtropical waters around the mid-2000s, and that subsequently other drivers of variability have become more important [Johnson et al., 2013] .
In this study, we present data from nearly 40 years of hydrographic measurements in the Rockall Trough, extending the previously published time series of Holliday et al. [2000] by 16 years. Additionally, 18 years of new data in the Iceland Basin and Hatton-Rockall Basin are analyzed. We quantify errors in the time series from two sources that affect the interpretation of interannual to decadal variability: observational errors and aliasing of intra-annual variability to lower frequencies. For the first, we use the stable thermocline water mass as the basis for assessing inter-cruise data quality, while for the second we use a high-resolution forced numerical model to develop statistics of intra-annual variability. We calculate the mean geostrophic circulation and its variability over the last 18 years. The reference level for the circulation is developed heuristically and by numerical comparison with AVISO absolute sea surface heights. Finally, we discuss the observed variability of surface, intermediate, and deep waters in the context of present-day understanding of drivers of variability.
Resources: Data and Model
Potential Temperature and Salinity Data From the Extended Ellett Line
The Extended Ellett Line has been occupied 1-4 times per year since 1975 (Table 1 lists the cruises used in this analysis). The core data set (available from the British Oceanographic Data Centre, www.bodc.ac.uk) consists of pressure, potential temperature, and salinity from CTDs (STDs prior to 1978) , with the addition of dissolved oxygen and nutrient samples since 1996. The physical data, which are the focus of this study, have varying quality; since 1996, the CTD data have been calibrated and documented to meet international repeat hydrography standards (www.go-ship.org, potential temperature accurate to at least 0.0028C, salinity accurate to 0.001), but data quality was generally lower prior to that. For 10 pre-1996, occupations data quality is poor; these are excluded from the analysis [Holliday et al., 2000] . We quantify the uncertainty due to data quality in the remaining data sets in section 3.
The nominal station spacing for the section is 30 km in the Iceland Basin, 30-50 km through the HattonRockall Basin, 20 km in the Rockall Trough, and 10 km on the Scottish continental shelf (Figure 1 ). Station spacing decreases over the sloping topography of the continental shelves. From 1975 to 1996, the Ellett Line stretched from the Scottish coast to the island of Rockall; in 1997 and subsequent years, the section was extended through the Hatton-Rockall and Iceland Basins to the coast of Iceland. For simplicity, throughout this manuscript, we will refer to all the sections as the Extended Ellett Line (EEL).
The EEL lies under the North Atlantic storm track and is well known for presenting challenges for shipbased data collection at all times of the year. Few of the EEL occupations have managed to complete all the standard stations shown in Figure 1 . In the early part of the time series, when the section was restricted to the Rockall Trough, there were sections taken throughout the year, though rarely in December and January. Since 1996, the cruises have largely been scheduled for spring or summer, leading to an increased number of completed sections, but a greatly reduced sampling of the annual cycle. A winter cruise was attempted in February 2000 (RRS Discovery D245), but high winds and extreme waves were recorded [Holliday et al., 2006] and few CTDs were completed. Recently, observations of the EEL during the winter have been started with gliders and as the number of winter sections increases, analysis of the seasonal cycle of the EEL will be presented elsewhere.
For the purpose of this study, the section is subdivided into three segments based on topography (Figure 1) [Inall et al., 2009] .
For section 3, we compute mean sections of potential temperature, salinity, and potential density as follows. Data from 11 EEL cruises between 1997 and 2014 (Table  1) were interpolated onto a standard vertical (10 dbar) and horizontal grid (10 km), and the mean and standard deviation of potential temperature, salinity, and potential density for each data point calculated. Only near complete sections were used to ensure even sampling of the deep ocean, particularly over sloping bathymetry. Therefore, data between 2005 and 2007 were not used, as bad weather meant that several stations could not be occupied. It should be noted that as cruises were between May and September only, all mean sections represent the summer features.
Additionally we divide the water column into layers defined as density ranges (Table 2 ). The density boundaries were determined by examining the hydrographic structure (Figures 2-4 ) and the potential temperaturesalinity relationship of the section ( Figure 5 ). We reduce bias and aliasing introduced by the undersampling of the seasonal cycle by excluding the summer seasonally warmed surface layer. A range of isopycnals were tested to define the upper limit of the upper ocean water, with the 27.20 kg m 23 isopycnal found to best capture most of the volume of the upper ocean whilst excluding the summer surface layer (0 to maximum of 150 dbar).
The permanent thermocline is defined as water with densities between 27.50 and 27.70 kg m 23 with the upper limit lying below the coolest and freshest varieties of upper waters of the Iceland Basin (Figures 2 and 3) . Using the 27.50 kg m 23 isopycnal as the lower limit does mean that sometimes a small amount of thermocline water is included in the upper ocean class for the Hatton-Rockall Basin and Rockall Trough (Figure 2 ).
The LSW is defined as being within the density range 27.70-27.85 kg m
23
, and the densest layer is water below that (Figures 2-4) . In the literature, the densest water of Line (1975 Line ( -1996 . We recognize that there is a mixing line between LSW and ISOW in this location ( Figure 5 ) and choosing a single isopycnal is making a somewhat artificial distinction between the two water types. However, we choose 27.85 kg m 23 as being most consistent with the potential temperature-salinity distribution shown in Figure 5 . It should be noted that the LSW definition may include less dense components of ISOW and the implications of the definition are discussed later.
The FLAME Model
The ocean general circulation model output used in this study is the eddy-resolving configuration of the Family of Linked Atlantic Modelling Experiments (FLAME) [B€ oning et al., 2006 ]. This regional model output, stored in 3 day snapshots of potential temperature, salinity, and velocity, has been shown to compare favorably with observations of the large-scale eddy activity, density structure, and pathways of the shallow [Burkholder and Lozier, 2011] and deep [Gary et al., 2011] limbs of the AMOC as well as the North Atlantic Subtropical Mode Water [Gary et al., 2014] . As this model has been described in other publications, only a brief summary is provided here. The model grid has a resolution of 1/128 that spans 188S-708N over the width of the Atlantic Ocean and open boundary conditions at the north and south. There are 45 z-levels in the vertical with grid spacing transitioning from 10 m at the surface to 250 m at depth. A bottom boundary layer [Beckmann and D€ oscher, 1997] was implemented to minimize spurious mixing over rough topography. The model was spun-up for 10 years with climatological forcing based on the European Centre for Medium Range Weather Forecasts (ECMWF) reanalysis. After spin-up, the model was forced with interannual anomalies based on the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis from 1990 to 2004 [Kalnay et al., 1996] superimposed onto the initial ECMWF climatological forcing. Since the EEL does not correspond exactly to model grid nodes, the model fields were linearly interpolated at each snapshot and each z-level onto a list of positions along the EEL spaced evenly at every 1/128. Time series of model potential temperature and salinity were derived from this model EEL section similarly to the way the observed time series were computed from hydrographic sections. 
Satellite Altimetry Data
In order to calculate absolute geostrophic velocities, a level of no/known motion must be assumed. In this work (presented in section 4), we use the DUACS 2014 (V15.0) Ssalto/Duacs multimission altimeter product to help with the determination of this reference level. The product is distributed by Aviso with support from CNES, and was downloaded as global daily maps of absolute dynamic topography on a 0.258 spatial grid (www.aviso.altimetry.fr). Sea surface dynamic topography is the sum of sea level anomalies and a mean dynamic topography, both referenced over a 20 year period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . Key improvements in this new data set are the use of an improved mean dynamic topography (MDT_CNES_CLS13) calculated from GOCE satellite data and in situ observations, and more accurate mapping of the mesoscale [Rio et al., 2011] . The geoid model developed from the GOCE satellite data has a horizontal resolution of 125 km. A multivariate objective analysis (including wind and in situ data) is used to improve the large-scale solution (for heights and velocities), resulting in a final horizontal resolution of 0.258. In the subpolar North Atlantic, the spatial resolution is therefore approximately 15 km in the longitude direction and 28 km in the latitude direction.
Temporal Variability of Potential Temperature and Salinity
The Hydrography and Spatial Variability of the Eastern Subpolar Region
The basic structure of the hydrography observed by the EEL remains consistent over the length of the time series. The sections in Figures 2 and 3 illustrate some typical conditions observed in the Rockall Trough before 1997, and between Iceland and Scotland after 1997. In all six of these sections, the upper ocean is characterized by warm, saline water (7-138C, 35.10-35.45), seen also in mean sections calculated from the data from 1997 to 2014 (Figure 4 ). The upper ocean is consistently warmest, most saline, and deepest in the eastern Rockall Trough (>9.58C, >35.4 and up to 1000 dbar), becoming progressively cooler, fresher, and shallower toward the northwest. Figure 4 shows that the upper ocean is formed of a series of water types (subpolar mode waters) separated by frontal zones; for example, the mode water with a mean density of The mode waters are influenced by warm, saline Eastern North Atlantic Water of subtropical origin, the cooler, fresher Western North Atlantic Water of subpolar origin, and are modified by air-sea fluxes . Isopycnal surfaces deepen from west to east as buoyancy is lost in the cyclonic horizontal circulation [Lherminier et al., 2007 [Lherminier et al., , 2010 and the downward slope is indicative of a net northward transport of the upper layer. All mode waters sampled by the EEL were shown by a Lagrangian study to be moving on average in a north-eastward direction .
The permanent thermocline (pycnocline) is consistently present at pressures of 900-1400 dbar in the Rockall Trough, and slopes upward to 400-900 dbar in the Iceland Basin ( 
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(standard deviations of <0.28C and <0.02 in salinity, Figure 4 ). The LSW is always fresher in the Iceland Basin than the Rockall Trough where it is present as a modified form. The properties of the LSW in both basins are the result of the original properties set during winter convection, as well as mixing with surrounding water types [Yashayaev et al., 2007a] .
A layer of dense water is found in the Iceland Basin, where cold Iceland-Scotland Overflow Water (<3.08C, Figure 4 ) forms a deep western boundary current. The ISOW is always more saline than the LSW that lies adjacent to it at 1000-2000 dbar in the northern Iceland Basin (Figures 2 and 3 ) and there is interleaving and mixing between the two water types. The mixing region is highlighted by higher standard deviations than the interior of LSW and ISOW (0.2-0.48C and 0.002-0.004, Figure 4 ).
Having shown that there are regions of high variability observed by the EEL, we now examine the temporal variability by examining basin-mean vertical profiles (section 3.2) and layer-means of potential temperature and salinity (section 3.4).
Temporal Variability of Basin-Mean Vertical Profiles
In this section, we examine variability over the full depth water column. CTD profiles are separated into the three basins and averaged along isopycnals to create a mean potential temperature and salinity profile per basin per cruise. The profiles were reprojected on to pressure and Hovm€ oller plots were generated by interpolating to annual intervals (original spacing shown by tick marks on the time axis, Figure 6 ). Anomalies from the 1997-2014 mean are shown in Figure 7 .
The vertical movement of isotherms and isohalines in the Hovm€ oller plots indicates changes in temperature and salinity from one cruise to another relative to constant pressure surfaces. Where contours deepen from left to right, the ocean has warmed and increased in salinity over time (shoaling contours indicate cooling and freshening). The intermediate waters (LSW, .85 kg m 23 ) exhibit year to year changes and multiyear trends that sometime oppose the overlying water ( Figure 7 ). In the Iceland Basin, the trend over the time series is for the contours to deepen, leading to warmer and more saline conditions, most notably in 2005-2010. In the Rockall Trough, the change over time is smaller but similar for the overlapping period; the 3.58C contour gradually shoals over the course of the time series, while in salinity there is freshening from 1975 to 1995, followed by relatively stable salinity.
The changes over time in the whole water column include elements of heave (vertical movement of isopycnals) as well as water mass property changes. In the following sections, we explore water mass variability by
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focussing on temporal changes in property means within density layers (Table 2) . However, first we prove the robustness of the time series by investigating the associated uncertainties.
Layer-Mean Potential Temperature and Salinity: Uncertainty Estimates
In this section, we quantify uncertainty associated with the data in order to assess the representativeness and significance of the results. We consider two sources of uncertainty; data quality and irregular sampling. Some EEL cruises, mainly prior to 1991, have spikey CTD data (potential temperature and/or salinity) giving large scatter in the theta-S relationship (e.g., the data from 1990 in Figure 8 ; scatter at all depths indicates this is not only due to the presence of eddies). The method we use takes advantage of the way the thermocline water in the Rockall Trough is very well mixed, so that in high-quality data this part of the theta-S 27.50 Figure 6 . Temporal variability of section-mean vertical profiles (potential temperature 8C on top row and salinity on bottom row). Mean profiles were created for the three basins from each cruise data set by averaging along isopycnals and reprojecting on to pressure. Profiles were interpolated to a regular time grid (annual spacing), with original cruise timing indicated by tick marks on the horizontal axis. Isopycnals used to define vertical layers in the text are highlighted as bold lines.
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curve is very tight (e.g., the data from 2010 shown in Figure 8 ). The scatter at density 27.60 kg m 23 is used to estimate the uncertainty; we define it as the standard deviation of properties at 27.60 kg m 23 for stations within the Rockall Trough. High-quality data (e.g., 2010 and 2011) give low values (order 0.018C and 0.002 in salinity), while lower quality data give high uncertainty (e.g., 0.188C and 0.030 in salinity for 1990) (Figure 8 ). This estimate does not include uncertainty due to accuracy of calibrations of potential temperature, salinity, or pressure (section 2.1).
A further source of uncertainty is aliasing of the time series due to irregular sampling, and especially the tendency since 1997 for annual cruises in the warmer months. The largest and most regular pattern of variability in the upper ocean is the annual cycle, and although our method ignores the seasonally warmed surface layer, the annual cycle will still influence the upper ocean results. High-frequency (subannual) variability will also be caused by mesoscale activity and response to local atmospheric conditions. Here we establish the uncertainty ranges of the layer-means caused by the annual sampling strategy so that we can test the robustness of the means with respect to the aliasing.
We use the FLAME model output (section 2.2). The model was subsampled to create pseudosections in the location of the real hydrographic section, and divided into the three main topographic basins and vertical layers by density, as for the observations. We extracted time series, each at 3 day temporal resolution and 15 year duration, for the average temperature and salinity in each layer and each basin. As the hydrography of the model is comparable to the observations (not shown, see section 2.2), we use the variability in the model as an estimate for the variability in the real ocean.
Our uncertainty estimate is based on how close a data point at a single time step is to the corresponding annual mean over a window containing that data point. An estimate for the likely range for the difference between each point in the model time series and the mean is the standard deviation of the points in the time series in an annual window relative to the mean value over that annual window. Standard deviations over each annual, moving window along the 15 year model time series are computed and the mean of these standard deviations is reported as the uncertainty due to aliasing.
We have computed a set of time series of mean potential temperature and salinity for each density layer in each of the three main basins, with associated uncertainties (Figure 9 ). The uncertainty due to data quality is given by vertical error bars and the uncertainty due to sampling pattern is given by the thin lines forming envelopes around the time series. From 1975 to 1996, the uncertainty due to data quality varies considerably. In some cases, the uncertainty is high, but for many of the mean values, the error bars are small enough to suggest that there are significant differences between data points (though not often between data points collected within 1 year of each other). More recent cruises have lower data quality uncertainty, reflecting improvements in instrumentation and skill in data collection.
The uncertainty arising from the sampling strategy varies considerably by location and density layer. Journal of Geophysical Research: Oceans 10.1002/2015JC010762 seasonal cycles. As expected, some of the highest uncertainties in potential temperature are in the upper ocean where the seasonal cycle is large. Higher uncertainty is also present in regions of intense eddy activity, and the thermocline layer commonly has higher uncertainty in salinity than the upper layer.
The overall magnitude of the uncertainties compared to the variability leads us to conclude that EEL program is effectively detecting interannual to multidecadal variability in potential temperature and salinity between Iceland and Scotland. , and densest water (overflow) is greater than potential density 27.85 kg m 23 (shown in blue, not always present in Rockall Trough). Error bars represent uncertainty due to data quality. The bands given by thin lines are uncertainty arising through undersampling of intraannual variability (not available for the densest layer).
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Variability of Layer-Mean Potential Temperature and Salinity
With the robustness of the time series now established, we examine variability along the EEL. In the Rockall Trough, the length of the time series allows us to detect variability on timescales up to multidecadal. There are short periods of fresher conditions in the late 1970s as well as the late 1980s to early 1990s, and more saline conditions in the early 1980s with the highest values in the 2000s. Figure 9 confirms that potential temperature does not always covary with salinity; the fresher period in the late 1980s to early 1990s had potential temperatures largely unchanged from the preceding years. The amplitude of potential temperature and salinity changes are large (60.68C and 60.08 in salinity): at the peak conditions of the late 2000s, the mean was 1.28C warmer and 0.15 more saline than the late 1970s. The magnitude of the variability is larger than that reported by Holliday et al. The Rockall Trough LSW time series shows a period of cooling and freshening from 1975 to the mid-1990s, followed by a lengthy period of slowly increasing potential temperature and salinity. The measurements in the Rockall Trough, although of a highly modified version of LSW, show a surprisingly similar pattern of change to the LSW in the Iceland Basin. The Iceland-Scotland Overflow Water exhibits a similar pattern of variability (not identical) which may well arise as a result of the mixing of the plume with the ambient en route from the sill to the location of the EEL. The dense water in the Rockall Trough is a different water type, and contains influence from Antarctic Bottom Water and Wyville-Thomson Overflow Water [Johnson et al., 2010] . Water of that density is frequently absent from the section, and although the series suggests variation similar to the LSW above, this cannot be stated with any certainty.
Having described the mean and variability in properties in the region, we next investigate the circulation by computing the mean and variability of velocity, transport, and overturning circulation.
4. Geostrophic Velocity, Transport, and Overturning Circulation 4.1. Method Our goal in this analysis is to quantify the time-mean integral of the volume flux in different water masses across the EEL. Hence we determine a reference level on broad horizontal scales and over a long-term mean, being less concerned with the details of individual eddies or the correlations of velocities and properties at the mesoscale (similar approach to Gourcuff et al. [2011] ). Our method is a combination of matching each cruise to the mean basin-scale circulation from Aviso absolute sea-surface height slope, with a heuristic adjustment for the eastern Iceland Basin.
Geostrophic velocities were computed between pairs of CTD stations using the CSIRO SEAWATER routines (V1.2d). Geopotential anomalies were calculated relative to the sea surface from potential temperature, salinity and pressure data and from these we computed geostrophic velocities. In the bottom triangle, (water below the deepest common level of each station pair) we assume a constant velocity equal to the that at the deepest common level. To calculate absolute geostrophic velocities and transports, an assumption about a level of no motion (LoNM), or level of known motion, must be made. The sloping nature of the thermocline means that isopycnals are more suitable than pressure surfaces for a LoNM, and the optimum surface may be different in each basin. The thermocline deepens west to east across the Iceland Basin from around 500 m to 800 m, whilst in the Rockall Trough it is found at around 1000 m (Figures 2-4 ). This is caused by separate sources of water to the two basins; in the Iceland Basin we see cooler and fresher Western North Atlantic Water (NAW) carried in the North Atlantic Current, whilst the Rockall Trough contains Eastern NAW which has travelled northwards from the intergyre area near the Bay of Biscay [Holliday et al., 2000; Johnson et al., 2013] .
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To determine the optimum LoNM, we compare the Aviso absolute sea-surface height slope with the geopotential sea-surface slope on a basin wide scale: the geopotential sea-surface heights are computed relative to each isopycnal in turn. The isopycnal which minimizes the difference in slopes is defined as the LoNM. Because we impose a zero velocity reference at the LoNM, then this is the isopycnal on which there would be a minimum adjustment to the circulation to match the two surface circulations. For each EEL, occupation geopotential height was computed relative to potential density levels ranging from r 0 527. expected. Further east in the Rockall Trough, the upper waters are known to move in a northward direction in the west of the basin and a southward direction to the east-excluding the northward flowing European Slope Current over the shelf [Ellett and Martin, 1973; Holliday et al., 2000] . As the underlying LSW recirculates cyclonically [Holliday et al., 2000] , with any overflow water flowing southward in the western trough [Johnson et al., 2010] , using a mid depth LoNM again seems justified. Indeed this has been observed with moored current meters along the EEL in the Rockall Trough [Holliday et al., 2000] . However, in the eastern Iceland Basin the upper waters, LSW and ISOW are all moving in a general north-eastward direction; the recirculation of ISOW in this area being confirmed by current meter measurements [Kanzow and Zenk, 2014] . Therefore in the eastern Iceland Basin, and shallow Hatton-Rockall Basin, no flow reversal is expected mid water column and we consider the LoNM to be at the seabed. Further, at particular stations where the largest observed density is less than the LoNM we assume zero velocity at the seabed.
The total error introduced by using a time-constant LoNM was estimated by calculating transports using both the lower and upper bound of the LoNM for each basin (i.e., 27.54-27.60 kg m 23 in the Iceland Basin, and 27.66-27.70 kg m 23 for the Rockall Trough). This gave errors for total transport across the two basins of 60.5 Sv and 60.2 Sv, respectively. It is probable that a comparison of Aviso and geopotential heights at higher horizontal resolution would identify a significant velocity on the reference isopycnal in the eastern Iceland Basin. Our method does constrain our solutions to the basin-scale mean circulation that is part of the Aviso mean dynamic topography. However, at small scales and particularly at the boundaries, and for a number of strong mid-ocean jets, our solutions have higher horizontal resolution through the observed density field than would be obtained by constraining the solutions to the Aviso data on a station-by-station basis. Past studies have indicated that the Iceland Basin and Rockall Trough have regions of high mesoscale activity related to the major current paths [e.g., Heywood et al., 1994; Hakkinen and Rhines, 2009] . Similarly in our observations, higher variability in salinity coincides with the position of the north-eastward currents in the central Iceland Basin (360 km), eastern Iceland Basin (520 km), and on the west of the Hatton-Rockall Basin (600 km) (Figure 4 ). There is no increased variability in salinity linked to the branch at 30 km in the Iceland Basin, or the small recirculation feature at 180 km. Similarly, in the Rockall Trough, there is no increased salinity variability associated with the southward flowing upper water (1020 km) or northward flowing European Slope Current in the east of the basin (1080 km). A weaker signal of higher variability is seen, however, in the northward flowing upper water in the western trough (920 km).
Mean and Variability of Geostrophic Velocity
The largest standard deviations in geostrophic velocity are associated with some of the northward flowing upper water currents, as well as the deep southward flowing ISOW. Interestingly the largest variabilities (>0.08 m s 21 ) are observed in the eastern currents: those in the eastern Iceland Basin (520 km), the western Hatton-Rockall Basin (600 km), the western Rockall Trough (920 km), and over the European Slope (1080 km). Increased variability is also associated with the southward flowing upper water in the Rockall Trough at 1020 km. However, the two currents in the northern and central Iceland Basin (30 km and 360 km, respectively) have only smaller variability (0.02-0.04 m s 21 ) associated with them.
Zonally Integrated Volume Transports
The mean net transport of upper waters (27.20-27.50 kg m 23 ) across the entire EEL is 6.7 6 3.7 Sv, with 3.9 6 1.9 Sv transported in the Iceland Basin, 2.3 6 1.3 Sv in the Rockall Trough and only 0.5 6 0.5 Sv in the Hatton-Rockall Basin (Table 3 and Fig 10b) . The three north-eastward currents in the Iceland Basin (at 30, 360, and 520 km) are associated with transports of 0.7 6 0.3 Sv, 1.3 6 0.6 Sv, and 1.0 6 0.4 Sv, respectively, while the small recirculation at 180 km has a transport of 20.1 6 0.1 Sv. A north-eastward flow of 0.9 6 0.3 Sv is situated on the eastern slope of Hatton Bank at 600 km; while the two northward currents in the Rockall Trough, centered on 920 km and 1080 km, have transports of 1.9 6 1.3 Sv and 1.8 6 0.4 Sv, respectively. Whereas any recirculation in the Iceland Basin is small (total 20.5 6 0.4 Sv); the Rockall Trough shows a clear recirculation around the Anton Dohrn seamount. West of this feature 1.9 6 1.3 Sv of upper waters flow (Table 3 and Figure 11c ).
The net transport of waters with densities between 27.70 and 27.85 kg m 23 between Iceland and Scotland is 24.0 6 2.4 Sv ( Table 3 ) with 70% of this transport being in the first 400 km of the section and 95% within the Iceland Basin (Figure 11d ). Transport across the Hatton-Rockall Basin is 0.0 Sv due to the shallow nature of the plateau. Circulation of LSW in the Rockall Trough is cyclonic with 20.6 6 0.0 Sv flowing southward in the west of the basin, and 0.7 6 0.1 Sv northward in the east. The transport of the densest class of water (>27.85 kg m 23 ), which consists predominantly of ISOW, is confined to the northern and central Iceland Basin with a net transport of 22.1 6 0.9 Sv in this area (Table 3 and Figure 11e ). No flow is observed in the Rockall Trough due to the lack of sufficiently dense water.
Overturning Stream Function
The overturning stream function is an integral quantity of the circulation that can be discussed in terms of thermohaline forcing of the Atlantic. Here two stream functions are defined in depth (w(z)) and density space (w(q)). Equation (1) is defined in a coordinate system that follows on naturally from the calculations of geostrophic velocity. However, when there may be north-south recirculation at the same density, and isopycnals are sloping such as along the EEL, diabatic processes of water mass transformation may be incorrectly inferred from equation (1). This effect has been discussed extensively for the Southern Ocean's Deacon Cell [D€ o€ os and Webb, 1994; Kuhlbrodt et al., 2007] . As such, the overturning stream function is computed both in pressure (equation (1)) and density space (substitute q for z in equation (1)). 
A similar analysis for hydrographic sections between Greenland and Portugal found that if pressure coordinates were used, slight changes in the distribution of horizontal flows over sloping bathymetry lead to significant variability in the overturning stream function [Lherminier et al., 2007] . In contrast, when the stream function was computed in density coordinates, it was much less sensitive to such circulation constraints. For the EEL section, the stream function maxima in both pressure and density coordinates are nearly identical (Table 4 and Figure 12 ). Thus for this eastern portion of the subpolar gyre, there is little sensitivity to depth or density as the vertical coordinate system when defining the time-mean stream function. In the Rockall Trough, the mean maximum northward flow is 3.0 6 3.7 Sv at 1145 m and 27.65 kg m
23
; using density coordinates a small net southward flux is seen at densities >27.75 kg m 23 . The mean maximum northward flow in the Iceland Basin (4.4 6 2.0 Sv) is at a shallower depth and lower mean density (815 m and 27.57 kg m 23 ) than in the Rockall Trough. Variability in the maximum stream function is larger in the Rockall
Trough than in the Iceland Basin. Therefore, although the Iceland Basin has the larger transport, it is the Rockall Trough that dominates the net variability in the overturning along the EEL.
Summary and Discussion
The subpolar waters measured by the EEL eventually flow into the Arctic Ocean as Atlantic Water, or are exported southward from the subpolar gyre as North Atlantic Deep Water. As a result, changes in the (Sv) 3.9 6 1.9 0.5 6 0.5 2.3 6 1.3 6.7 6 3.7 Thermocline transport ( (Table 1) . Positive transports indicate flow toward the Nordic Seas, and negative ones flow away from the Nordic Seas. Layer definitions are given in Table 2 . b There is significant mixing between LSW and OW in the north Iceland Basin and some of the southward flow in the LSW category is an admixture of these two water masses; see text for more information.
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potential temperature and salinity in the eastern subpolar gyre propagate to the highest latitudes and to the deep limb of the overturning circulation. In this study, we have analyzed 4 decades of hydrographic observations to describe the interannual to multidecadal changes in potential temperature, salinity, velocity, and transport of the shallow, intermediate, and deep ocean. We have shown through quantifying uncertainty arising from data quality issues as well as the sampling rate, that a robust pattern of interannual to multidecadal variability is revealed by the time series. We have presented two previously unpublished time series that characterize two decades of changes in the properties of the deep ocean Iceland and HattonRockall Basins, and provided an update of a longer time series in the Rockall Trough. We have presented a new view of the mean velocity field and transport across the section and computed that the maximum overturning circulation is close to 8 Sv in this part of the subpolar region.
The variability of temperature and salinity is highest in the NAC region of the upper ocean, the Rockall Trough thermocline, and the region of mixing between ISOW and LSW in the Iceland Basin. Property variability is lowest in the main body of LSW in the Iceland Basin, the Hatton Rockall Basin, and in the European slope current. Velocity variability is greatest in the Rockall Trough upper ocean, which means that this is where the largest variability in overturning circulation is located. Interestingly the northward current situated over the Scottish Shelf (which is at least partly composed of the European Slope Current) is less variable than the rest of the basin in terms of both velocities and transports. Velocity is also highly variable in the NAC zone of the Iceland Basin, and the associated high standard deviation of properties implies that the NAC region may have the largest variability in heat and freshwater transport. The international OSNAP project (Overturning in the Subpolar North Atlantic Program) is making direct and continuous measurements of the overturning circulation of the whole subpolar North Atlantic from 2014 to 2018 and will quantify variability on seasonal to interannual time scales. The program will investigate how and why the eastern basin dominates variability. Future analysis will draw in observations from the EEL and OSNAP to examine how properties and transport covary, and to investigate the long-term variability of heat and freshwater transport in the eastern subpolar region.
Temperature and salinity vary on interannual to decadal time scales at all depths. The upper ocean has notably saline periods in 1980 -1986 and after 1995 . Since 1997 established in a ventilated region, can persist for many years as they are transported around and through the region.
In the Rockall Trough, temperature does not always follow the same pattern as salinity; only slight warming is in evidence as salinity increased from 1980 to 1985, and after 1986 as salinity declined, the temperature remained stable. Since 1995, the overall increase in salinity in the Rockall is accompanied by increasing temperature. Different mechanisms led to the freshening during the 1970s and the increased salinity of the 1990s and 2000s. The very low salinity in the 1970s (the Great Salinity Anomaly) [Dickson et al., 1988 ] was caused by a major influx of Arctic freshwater in the form of sea-ice exported through the Fram Strait. The event was first observed northwest of Iceland and propagated through the subpolar gyre and the Nordic Seas over the course of about 10 years, reaching the Rockall Trough after about 7 years. In most regions of the subpolar North Atlantic and the Nordic Seas, the GSA was accompanied by low upper ocean temperatures but this is less clear in the Rockall Trough. In contrast, the dramatic rise in salinity after the mid-1990s is actually first seen in the Rockall Trough and Iceland Basin and propagates into the Nordic Seas and central subpolar gyre over the following 5 years. The feature is understood to be the manifestation of increased transport of southern origin water masses (see below) and is accompanied by a corresponding rise in temperature in all open ocean subpolar and Nordic regions. Likewise, the indication of a freshening since 2010-2011 in the EEL basins is also accompanied by cooling. This intriguing distinction between the thermal response in the Rockall Trough upper ocean to pulses of low or high salinity with either a northern or southern source is yet to be properly understood; we speculate that air-sea heat flux dampened the cooling in the 1970s and may have enhanced the warming since 1995. This is a topic for further investigation.
Recent research has established that the cause of the overall increase in potential temperature and salinity of the upper ocean from the late 1990s to the mid-2000s was a change in the circulation of the subpolar gyre and the inflow of subtropical waters. The subpolar gyre circulation decreased, and at the same time, the subpolar front moved westward and more subtropical water entered the eastern region [Holliday, 2003] . The Hatton-Rockall Basin lies within the region where the subpolar front shifts either northwestward or southeastward which is the likely reason why property extremes are highest there. The mechanisms driving the changes are still being examined, with contributing effects from the NAO, wind stress curl, blocking highs, and transport of anomalies from the subtropics all being proposed [Hakkinen and Rhines, 2004; H at un et al., 2005; Hakkinen et al., 2011a Hakkinen et al., , 2011b Desbruyeres et al., 2013] . The observations presented here are consistent with the present understanding of the basin-scale circulation changes to 2010 [Hughes et al., 2012] . The decrease in potential temperature and salinity after 2010 in all basins provides the first new evidence that the eastern subpolar North Atlantic is once again being influenced by cold, fresh western subpolar water. Whether this implies a sustained expansion of the subpolar gyre into the region remains to be seen.
Observations of layer-mean temperature and salinity reveal that in the Rockall Trough the upper ocean covaries with the thermocline on decadal time scales. We have also seen that on time scales of less than 5 years, the two layers can behave differently. The thermocline waters are heavily influenced by SAIW subducted at the NAC and the MEDW. The influence of MEDW has been shown to extend further north and westward when the subpolar gyre is in a contracted state, meaning that the thermocline not only has less cool, fresh influence, it also has more warm, saline influence [Lozier and Stewart, 2008; Stentardo et al., 2015] . The SAIW has less influence in the eastern subpolar gyre when the polar front is situated further west, so our observations that the thermocline property changes reflect that of the upper ocean on decadal scales are largely consistent with understanding of the subpolar gyre. However, there are as yet unexplained differences in the variability between the thermocline waters and the upper ocean; this is a topic for ongoing research.
The LSW in the Rockall Trough shows freshening and cooling from 1975 to 1995, followed by a period of warming and increasing salinity. Since 1997 the LSW in the Iceland Basin follows the same pattern as the Rockall Trough, despite having different mean properties resulting from significant mixing en route from the Labrador Sea to the eastern basins [Yashayaev et al., 2007b] . The implication of the similarity is that the forcing that creates the variability applies consistently to both basins.
We have computed mean and variability of geostrophic velocity and transport. The level of no motion for geostrophic calculations was determined heuristically and by numerical comparison with AVISO absolute sea-surface heights, and is entirely consistent with literature and observations. Between Iceland and
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Scotland, the net upper water transport (6.7 6 3.7 Sv) is in a north/north-eastward direction toward the Nordic Seas. Flow is concentrated in six currents: three in the Iceland Basin (total 3.9 6 1.9 Sv), one in the eastern Hatton-Rockall Basin (0.9 6 0.3 Sv), and two in the Rockall Trough (total 3.7 6 1.7 Sv). Although the largest transports are seen in the Rockall Trough currents (1.9 6 1.3 Sv and 1.8 6 0.4 Sv), net transport through the basin is only 2.3 6 1.3 Sv due to a large southward recirculation to the east of the Anton Dohrn seamount.
These values agree well with previous estimates. Net upper water flow through the Iceland Basin derived from multiple ship-borne ADCP transects was 4.8 Sv; while flow in the Rockall Trough was 3.5 Sv [Chafik et al., 2014] and flow between Iceland and Scotland 6.1 6 0.3 Sv [Childers et al., 2014] . Previous geostrophic calculations have determined net upper water transports of 2.7-3.7 Sv for the Rockall Trough [Ellett and Martin, 1973; Holliday et al., 2000] and 7.6 6 0.9 Sv between the Reykjanes Ridge and Scotland [Sarafanov et al., 2012] . Around 60% of the upper water transport between Iceland and Scotland passes through the Iceland Basin, 5% through the Hatton-Rockall Basin and 35% through the Rockall Trough. Since only 50% of the estimated 7 Sv inflow between Iceland and Scotland crosses the Greenland-Scotland Ridge between Iceland and the Faroes [Østerhus et al., 2001] , some 10% of the flow must cross from the Iceland Basin into the very northernmost Rockall Trough prior to entering the Nordic Seas.
The mean velocity and transport fields (Figure 10 ) shows almost entirely eastward velocity in the upper layer of the Iceland Basin, which is slightly different to our expectations of some westward flow at the northern end of the section [e.g., . The variability (expressed as standard deviation of the mean, see Table 3 ) includes westward flow in some individual sections, but the uncertainty associated with transports computed from individual sections is very high. It is possible that our mean estimate excludes some westward barotropic flow due to the methodology, and it is also possible that westward return flow takes place west of the section when the subpolar gyre is in a contracted state (which is the case for much of this time series). These issues are currently being investigated by analyzing satellite altimetry data and lowered ADCP data. Figure 11d) , it raises the interesting possibility of whether this southward flow can be attributed to the water mass. However, the magnitude of the flow is very variable and close to errors expected with the analysis.
One would expect the net LSW flux in the Iceland Basin to be around 0 Sv, as is true in the Rockall Trough. Like the Rockall Trough, the Iceland Basin has no connections deeper than 1200 m except in the south, suggesting that LSW must both enter and leave the basin via this southern entrance [Ellett et al., 1986; Holliday et al., 2000] . The large net southward flow (23.8 6 2.4 Sv) in this layer within the Iceland Basin is probably due to mixing between ISOW and LSW in this density range. Some of the transport attributed to LSW between 27.70-27.85 kg m 23 is actually of a less dense form of ISOW or a mixture of LSW and ISOW. Around 70 % of the south-westward LSW transport occurs in the first 400 km of the EEL where south-westward flowing ISOW is predominantly found (Figure 10 ). Examination of data in h-S space ( Figure 5 ) shows the presence of higher salinity water existing at the same density level as the fresh LSW core. Further h-S analysis (not shown) indicates that this is as a result of the influence of ISOW in the 27.70-27.85 kg m 23 density range. As such, the net ISOW layer transport estimate defined by isopycnals is likely to be an underestimate of the true south-westward flow of ISOW, and the LSW layer net transport an overestimate of LSW flow.
We report that the surprising result that the maximum mean overturning stream function in the Rockall Trough and the Iceland Basin are nearly identical in density and pressure coordinates (Figure 12 ). This implies that the horizontal shear dominates over water mass transformation here, and that result is consistent with the location of the section being east of the central subpolar gyre where most of the water mass transformation takes place. In the Iceland Basin the maximum overturning is 4.4 6 2.0 Sv at 815 m, and in the Rockall Trough it is 3.0 6 3.7 Sv at 1145 m. The Iceland Basin has overall larger transport, but as noted above, the Rockall Trough dominates the net variability.
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We have shown that the mean velocity and transport fields estimated from the CTD sections are consistent with previous estimates and highlighted the regions with strongest variability. At present, the uncertainty of estimates from individual sections are too large to draw conclusions about temporal variability. This is a primary motivation for the OSNAP array, which will make direct measurements of velocity across the subpolar North Atlantic from 2014 to 2018. In the meantime, our continuing research is focussing on the use of historical sea surface height data from altimeter missions, combined with ship-based measurements, and new measurements from gliders, to extract a better resolved time series of velocity and transport with lower errors. Ongoing analysis of ADCP data collected on most cruises since 1996 will examine the character and mechanisms of the high variability regions identified in this study.
